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ABSTRACT
We present a multiwavelength analysis of the prominent active galaxy NGC1365,
in particular looking at the radio and X-ray properties of the central regions of the
galaxy.
We analyse ROSAT (PSPC and HRI) observations of NGC1365, and discuss
recent ASCA results. In addition to a number of point sources in the vicinity of
NGC1365, we find a region of extended X-ray emission extending along the central
bar of the galaxy, combined with an emission peak near the centre of the galaxy.
This central X-ray emission is centred on the optical/radio nucleus, but is spatially
extended. The X-ray spectrum can be well fitted by a thermal plasma model, with
a temperature of kT = 0.6 − 0.8 keV and a very low local absorbing column. The
thermal spectrum is suggestive of starburst emission rather than emission from a
central black-hole.
The ATCA radio observations show a number of hotspots, located in a ring around
a weak radio nucleus. Synchrotron emission from electrons accelerated by supernovae
and supernova remnants (SNRs) is the likely origin of these hotspots (Condon &
Yin 1990; Forbes & Norris 1998). The radio nucleus has a steep spectrum, indicative
perhaps of an AGN or SNRs. The evidence for a jet emanating from the nucleus
(as has been previously claimed) is at best marginal. The extent of the radio ring is
comparable to the extended central X-ray source.
We discuss the nature of the central activity in NGC1365 in the light of these
observations. The extended X-ray emission and the thermal spectra strongly suggest
that at soft X-ray energies we are not seeing emission predominantly from a central
black-hole, although the presence of Fe-K line emission at higher energies does suggest
the presence of an AGN. Consequently, a black-hole is probably not the dominant
contributor to the energetics of the central regions of NGC1365 at radio, optical or
soft X-ray wavelengths. Activity associated with a starburst is likely the dominant
explanation for the observed properties of NGC1365.
Key words: ISM: jets and outflows – galaxies: starburst – galaxies: stellar content
– stars: Wolf-Rayet – X-rays: galaxies
1 INTRODUCTION
It is becoming clear that in Seyfert galaxies there is a close
link between the Seyfert nucleus, which may harbour a
super-massive black-hole, and circumnuclear starburst ac-
tivity. The nature of the connection is unclear, whether the
starburst is somehow responsible for the formation or per-
haps fuelling of a central black-hole, or whether activity as-
sociated with the central black-hole is responsible for trig-
gering the star-formation. To understand the complexities
of the central regions of active galaxies and the relation-
ship between Seyfert and starburst activity we need detailed
multiwavelength studies of individual galaxies. In this pa-
per we present such a study of the prominent spiral galaxy
NGC1365, concentrating on X-ray and radio data.
NGC1365 is classified as a SBb(s)I type barred spiral
galaxy by Sandage & Tammann (1981), and is a member
of the Fornax cluster. NGC1365 is an active galaxy with
an emission line nucleus (with both broad and narrow Hα
emission) located at the edge of a dust-lane, which runs
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across the central bulge (Ve´ron et al. 1980). We adopt a
distance of 20Mpc for NGC1365 throughout this paper.
The active nucleus of NGC1365 has been multiply clas-
sified. For instance, on the basis of the FWHM of the Hα
component Hjelm & Lindblad (1996) classified NGC1365 as
a Seyfert 1.5 (see also Kristen et al. 1997). Turner, Urry &
Mushotzky (1993) classified it as a Seyfert 2, and Maiolino
& Rieke (1995) as a Seyfert 1.8.
In addition to the active nucleus, NGC1365 contains
a large number of giant HII regions, with several of them
in close proximity to the nucleus (Alloin et al. 1981). HST
Faint Object Camera observations of NGC1365, discussed
by Kristen et al. (1997), reveal numerous bright super star-
clusters around the nucleus. These clusters are very com-
pact, with radii estimated to be ≤ 3pc, and tend to fall on
an elongated ring around the nucleus. Correlations between
the locations of these super-star clusters and sources in this
paper will be discussed later.
Hjelm & Lindblad (1996) have also discussed optical
observations of the central regions of NGC1365, and in par-
ticular the conical region of high excitation gas associated
with the nucleus. They describe a kinematical model of this
region, whereby gas is accelerated in a bi-conical region, with
the cone axes aligned with the galaxy rotation axis. The cone
is also aligned with a suggested radio jet (Sandqvist, Jo¨rsa¨ter
& Lindblad 1995), though we shall discuss the nature of this
jet in more detail later. Radio observations of NGC1365 by
Saikia et al. (1994), Sandqvist et al. (1995) and Forbes &
Norris (1998) reveal a complex, possibly ringlike structure
around the nucleus, but with several radio hotspots loosely
coincident with the giant HII regions.
One of the nuclear HII regions (region L4 in the termi-
nology of Alloin et al. 1981) shows a broad emission line at
around 5696A˚, due to CIII emission (Phillips & Conti 1992).
The strength of this line, and the absence of CIV 5808A˚ is
indicative of the presence of between 350 and 1400 WC9
Wolf-Rayet (WR) stars. The presence of such a substantial
population of massive WR stars is indicative of very recent
(3 − 6Myr) star-formation close to the nucleus. NGC1365
was not included in the original WR galaxy catalogue of
Conti (1991), but was included in the subclass of WR barred
spiral galaxies by Contini, Davoust & Conside`re (1995). We
shall discuss the properties of NGC1365 in relation to WR
galaxies in Section 4.1.
The nuclear regions of NGC1365 were seen as a mod-
erately strong IR source with IRAS (Ghosh et al. 1993).
NGC1365 was also observed as a soft X-ray source by the
EINSTEIN satellite, with an X-ray luminosity of Lx =
8.2×1040 erg s−1 (for the 0.2−4.0 keV waveband, corrected
for distance; Fabbiano, Kim & Trinchieri 1992). Komossa &
Schulz (1998) have also recently presented a study of the
X-ray properties of NGC1365.
In this paper we present a detailed analysis of radio and
X-ray observations of NGC1365 in an attempt to better un-
derstand the puzzling central regions of this galaxy. The
X-ray data probe the hot thermal gas from starburst emis-
sion and the hard non-thermal radiation from any massive
compact object. Radio observations on the other hand al-
lows us to look for non-thermal emission from synchrotron
radiation from SNRs or an AGN, or for thermal free-free
emission from young stellar populations of HII regions. The
combined X-ray/radio morphology will in turn allow us to
to investigate the origin of the emission.
NGC1365 has been observed on several occasions at X-
ray energies. Here we shall concentrate on observations with
the ROSAT satellite (both PSPC and HRI instruments), but
also discuss recent results from the ASCA satellite. These
satellites and instruments have a range of complementary
properties - the ROSAT PSPC is very sensitive, has rea-
sonable spectral resolution and reasonable spatial resolu-
tion (∼ 25
′′
), allowing us to probe the spectral properties
of central regions and look for any extended emission; the
ROSAT HRI is less sensitive and has essentially no spectral
resolution, but has excellent spatial resolution (∼ 5
′′
) allow-
ing a detailed study of the X-ray morphology of NGC1365.
ASCA on the other hand has poor spatial resolution (a few
arcminutes), but excellent spectral resolution, which cou-
pled with a broader bandpass (0.5−10 keV , as compared to
0.1−2.4 keV for ROSAT) allows us to investigate the spec-
tral properties of the integrated emission from NGC1365 in
more detail. In particular, ASCA allows us to look for harder
X-ray emission that might be associated with a Seyfert nu-
cleus. Radio observations from the VLA have been previ-
ously reported (e.g. Sandqvist et al. 1995). Here we use the
Australia Telescope Compact Array (ATCA) observations
of Forbes & Norris (1998) which gives a more circular beam
than the VLA for a galaxy at Dec. ∼ −36◦. We report on
observations at both 3cm and 6cm.
Some of the important issues that we intend to address
in this paper are as follows:
(i) What is the origin of the X-ray emission from
NGC1365; i.e. is it associated with a massive central black-
hole or is it due to starburst activity?
(ii) What is the origin of the radio hotspot emission?
(iii) What is the energetic importance of the Seyfert nu-
cleus?
(iv) Do we find any complimentary evidence for jets,
winds, outflows or emission line cones at radio/X-ray fre-
quencies?
The paper is organised as follows; in Section 2 we discuss
the X-ray observations of NGC1365 with the ROSAT and
ASCA satellites, in Section 3 we discuss the ATCA radio
data, and in Section 4 we discuss what the radio and X-
ray data tell us about the nature of the central activity in
NGC1365.
2 X-RAY OBSERVATIONS OF NGC1365
A summary of the X-ray observations discussed in this
paper is given in Table 1. In all cases we create back-
ground subtracted images, and use the point source search-
ing (PSS) package (Allan 1993) to search for unresolved
sources. Turner et al. (1993) have discussed the point sources
in the vicinity of NGC1365 detected with the ROSAT PSPC
and suggest some plausible candidates, namely X-ray bina-
ries, HII regions in the spiral arms and possibly background
AGN (see also Komossa & Schulz 1998). Several of the can-
didates are embedded in the disk of the galaxy and it is
difficult to identify counterparts. Because we have also de-
tected diffuse X-ray emission there is also the possibility that
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. A summary of the X-ray and radio observations of NGC1365 discussed in this paper
Instrument Date PI Duration
X-ray Observations
ROSAT/PSPC 1992 Aug 22 – Aug 23 T. J. Turner 2.6 ksec
ROSAT/PSPC 1993 Feb 05 – Feb 10 T. J. Turner 6.2 ksec
ROSAT/HRI 1994 Jul 20 – Aug 04 K.P. Singh 9.9 ksec
ROSAT/HRI 1995 Jul 03 – Jul 04 K.P. Singh 9.8 ksec
Radio Observations
ATCA/6cm 1994 Nov 10 – Nov 11 D.A. Forbes 36 ksec
ATCA/3cm 1994 Nov 10 – Nov 11 D.A. Forbes 36 ksec
some of the HRI sources are merely spurious detections of
irregularities in the diffuse emission.
For the ROSAT PSPC observations we extracted source
spectra for regions around NGC1365 and fitted them with
simple spectral models. More details are given in the appro-
priate sections below.
The z = 0.308 BL Lac object 1E 0331.3-3629 is in the
field of view of all the observations. This X-ray source was
discovered by the EINSTEIN Extended Medium Sensitivity
Survey. The optical identification is discussed in Maccac-
aro et al. (1994). The X-ray properties of 1E 0331.3-3629
are discussed in Lamer, Brunner & Staubert (1996). We
have cross checked the position of 1E 0331.3-3629 with the
APM catalogue (Irwin 1992), and the optical position is well
determined to arcsecond accuracy. We adopt a position of
RA = 03 33 12.3,Dec. = −36 19 47 (J2000) for 1E 0331.3-
3629 (c.f.Maccacaro et al. 1994). Consequently we can use
the X-ray determined position of 1E 0331.3-3629 to accu-
rately align the X-ray images. This is important as it enables
us to accurately define the location of the X-ray emission in
NGC1365, and relate it to the radio emission, and hence
understand its origin.
2.1 ROSAT PSPC Observations
NGC1365 has been observed with the ROSAT PSPC on two
occasions (with an observation length of 2.6 ksec for obser-
vation No.1, and 6.2 ksec for observation No.2, with the ob-
servations separated by about 6 months). Results from these
observations have been reported by Turner et al. (1993), who
also reported on PSPC observations of 5 other Seyfert 2
galaxies.
Turner et al. (1993) found a total of 5 point sources
near the nuclear source in NGC1365, and found that the
emission from the nuclear source was not well fitted by an
absorbed power-law, but could be better fitted by either a
model with a power-law, plus a Raymond-Smith thermal
component (with kT = 0.6 keV ), or by a power-law with
an emission line at an energy of 0.8 keV . It is worth noting
that the fit quality for the other Seyfert galaxies, assum-
ing a power-law model, was substantially better than for
NGC1365.
We have reanalysed both ROSAT PSPC observations.
We extracted background subtracted spectral images for
both observations. We adjusted the pointing of both ob-
servations using the BL Lac object 1E 0331.3-3629. The X-
ray image (Figure 1) shows moderately strong X-ray emis-
Figure 1. The central 0.8 × 0.8 degree region of the ROSAT
PSPC field containing NGC1365. This is the longer, 1993 Feb,
observation, with an observation length of 6.2 ksec. The X-ray
image has been background subtracted, and has been extracted
with a 5
′′
pixel size and smoothed with a Gaussian of FWHM
10
′′
. There is strong X-ray emission from NGC1365, at the centre
of the field, along with several other point sources. The strong
source to the SW of NGC1365 is the BL Lac object 1E 0331.3-
3629, which is apparent in all the X-ray observations and is used
to register the X-ray images. The source to the SE of NGC1365
is an unclassified object, possibly associated with a faint optical
object from the Digital Sky Survey, which is strongly variable, and
is extremely weak in the later HRI observations. The detector ring
structure of the PSPC is barely visible.
sion from NGC1365 (the precise location will be discussed
in Section 4.2) as well as emission from other sources near
the galaxy. The strong source to the SW of NGC1365 is
1E 0331.3-3629.
In Figure 2, for the longer (6.2 ksec) observation, we
show X-ray contours of the emission from NGC1365 super-
imposed on an optical image from the Digitized Sky Survey.
We also show in Figure 2 the radial profile for the X-ray
emission, compared to the Point Spread Function (PSF) for
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Left panel: The X-ray emission from NGC1365 as seen with the ROSAT PSPC. The X-ray contours from the longer PSPC
observation are superimposed on the Digitized Sky Survey image of NGC1365. The lowest contour is at a level of 5.6 × 10−3 cts s−1
arcmin−2, and increase by a factor 2. Clearly visible is strong X-ray emission from the central region of NGC1365, as well as extended
emission along the galaxy bar, extending out to a radius of about 1.5 arcmin. Several other point sources are also visible and are discussed
in Section 4. Right panel: The radial profile of the X-ray emission from the PSPC observations of NGC1365. Also shown is the PSF for
the ROSAT PSPC assuming a spectrum with a mean photon energy of 0.7 keV . The X-ray emission is clearly extended, with a radius
of about 1.5 arcmin, but also with a point-like central source.
the PSPC, for a spectrum with a mean photon energy of
0.7 keV . The X-ray emission is clearly extended well beyond
the PSF of the ROSAT PSPC. Also, the extended emis-
sion is not azimuthally symmetric, with low surface bright-
ness emission stretching preferentially along the bar of the
galaxy. There is also point-like X-ray emission from the cen-
tral regions of the galaxy. However, as we will discuss later
in regard to the HRI observations, this source, which is cen-
tred on the optical/radio nucleus, is not point-like, but is
extended. Also visible is a point source in the disk of the
galaxy to the SW of the nucleus. This source is discussed in
more detail in Komossa & Schulz (1998).
In order to investigate the spectral properties of the X-
ray emission we have extracted a spectrum from the region
within 1.5 arcmin of the central point source for both PSPC
observations, and we fit them independently to look for any
variability.
We fit both spectra with two different spectral mod-
els, i) an absorbed power-law and ii) a single temperature
Raymond-Smith plasma model. The details of the fits are
given in Table 2. We find that the power-law model gives a
poor fit (as was found by Turner et al. 1993), with reduced
χ2 of 1.5 and 2 respectively for the two observations. On the
other hand, for the Raymond-Smith plasma models we get
good fits (reduced χ2 ≤ 0.7), with kT ∼ 0.6 − 0.8 keV , a
low metallicity and a column (NH ∼ 2× 10
20 cm−2 ).
The derived luminosities in the ROSAT waveband
(0.1 − 2.5 keV ), corrected for absorption, are 5 − 6 ×
1040 erg s−1 . Adding in an absorbed power-law component
to a thermal model (as might be expected if we had a highly
absorbed nuclear source) does not lead to a better fit with
the PSPC (c.f. Section 2.3).
For the absorbed thermal spectral model, there are
some differences in the fitted parameters, mostly notably
in the temperature. The differences are only significant at
the 1− 2σ level and may not reflect any physical changes.
Komossa & Schulz (1998) also present results from an
analysis of the ROSAT PSPC observations of NGC1365.
They too note that a single temperature Raymond-Smith
model provides a successful fit to the spectra. However, their
preferred model is for a two component model, consisting of
a Raymond-Smith model plus a powerlaw. The main rea-
sons that Komossa & Schulz (1998) give for preferring the
two component model is that the best-fit single temperature
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The ROSAT PSPC spectra of NGC1365 for both observations. The spectra have been fitted independently and the results
are given in Table 2. The model used here is a single temperature Raymond-Smith plasma model.
Raymond-Smith model has a low abundance (Z ∼ 0.1Z⊙).
This low abundance is at odds with optical abundance de-
terminations (Alloin et al. 1981) However, we note that the
work of Strickland & Stevens (1998) suggests fitting sim-
ple (one or two component) spectral models to intrinsically
multi-temperature gas (such as would be expected in a star-
burst) can result in major errors in the fitted metallicity.
Consequently, the discrepancy between optical and X-ray
determinations should perhaps not be taken too seriously.
Komossa & Schulz (1998) also note that a Raymond-Smith
plus power-law model is more in line with the ASCA re-
sults of Iyomoto et al. (1997 - see below). On the basis of
our spectral fitting of the PSPC spectra we find no statisti-
cal reason to prefer a two component model over our single
temperature Raymond-Smith model.
It is notable that the X-ray properties of NGC1365,
as observed by the PSPC, are similar, in general terms, to
those of starburst galaxies (see Section 4), both in terms
of showing extended emission and having an X-ray spec-
tra better fit with a thermal model than a power-law. Also,
the fitted column density is very similar to the Stark value
(NH = 1.92×10
20 cm−2 , Stark et al. 1992) It is clear that we
are not seeing a significant amount of emission in the PSPC
waveband from a heavily absorbed Seyfert nucleus, However,
the power-law component in such systems (for example,
NGC1386, Iyomoto et al. 1997; NGC7582, Xue et al. 1998),
associated with the nucleus, has a column ≥ 1023 cm−2 ,
which means that it will not be detected in the PSPC wave-
band. We also note that in the case of NGC1068, a Seyfert 2
galaxy, the power-law component in the X-ray spectrum has
a low column (Ueno et al. 1994). In NGC1068 the interpre-
tation is that we are seeing scattered emission from the nu-
cleus, rather than direct emission, the column being too high
for it to be directly observed.
We shall discuss the origin of the X-ray emission and
the relation to the emission from other Seyfert galaxies in
Section 4.
2.2 ROSAT HRI Observations
There have been two ROSATHRI observations of NGC1365
(Table 1), of duration 9.8 and 9.9 ksec, separated by approx-
imately 18 months. The HRI is less sensitive than the PSPC
for diffuse emission but is much better for studying smaller
scale spatial structure. The combination of the two instru-
ments allows a detailed analysis of both point source emis-
sion and the extended diffuse emission in the central regions
of NGC1365.
The method of analysis that we have adopted for the
HRI observations is as follows; we sort a background sub-
tracted image using only channels 3 − 8 to minimise the
background (Briel et al. 1995). We then search for sources
using PSS and adjust the pointing using the position of the
BL Lac object 1E 0331.3-3629. The centroids of the X-ray
emission from the ROSAT HRI and PSPC, as determined
by the PSS package, are given in Table 3. We note that the
positions of the X-ray centroids only differ from the mean
X-ray centroid position by ≤ 3
′′
, and that the mean centroid
of the X-ray emission is consistent with the position of the
optical/radio nucleus. This point will be discussed in more
detail in Section 4.2.
We have generated background subtracted images from
both HRI observations. The X-ray/optical morphology as
seen with the longer HRI observation is shown in Figure 4.
The main features in the X-ray morphology are the central
source (which appears to be extended with some evidence
of substructure), along with the several other point sources
in the disk of the galaxy. Also in Figure 4 we show the
radial profile of the central X-ray emission, in conjunction
with the PSF for the ROSAT HRI. In the PSPC we saw
low surface brightness diffuse emission, in conjunction with
point-like emission. The HRI gives us an improved picture
of the central regions. While there is also low-surface bright-
ness emission seen with the HRI, the central source is now
seen to be clearly resolved, with an extent of maybe 15−20
′′
.
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Table 2. Spectral analysis of ROSAT PSPC observations of NGC1365
Raymond-Smith Power-law
spectral model spectral model
Spectral NH kT Z NH α χ
2
ν Lx
Model (1020 cm−2 ) (keV) (Z⊙) (1020 cm−2 ) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8)
PSPC Observation No. 1
AG*RS 1.78+0.65
−0.65 0.58
+0.09
−0.09 0.074
+0.05
−0.04 – – 0.69 (17) 5.1× 10
40
AG*PL – – – 5.40+1.1
−1.1
3.01+0.32
−0.30
1.47 (18) 2.1× 1041
PSPC Observation No. 2
AG*RS 1.91+0.45
−0.45
0.77+0.07
−0.06
0.076+0.04
−0.04
– – 0.69 (18) 6.2× 1040
AG*PL – – – 5.64+0.07
−0.07 2.89
+0.19
−0.18 2.09 (19) 2.3× 10
41
Notes on Table2:
Column 1: Spectral model used to fit the data, AG - absorbing component; RS - single temperature Raymond-Smith plasma model; PL
- power-law model.
Columns 2-4: Best fit parameters (with errors) for single temperature Raymond-Smith model.
Columns 5-6: Best fit parameters (with errors) for power-law spectral model.
Column 7: Value of the reduced χ2 (and number of degrees of freedom in brackets) for the spectral fits.
Column 8: The intrinsic X-ray luminosity (i.e. corrected for absorption). The quoted luminosities for the ROSAT PSPC fits are for the
0.1− 2.5 keV energy band.
Whether this is due to multiple point sources or genuinely
diffuse emission is unclear, but its extent is very similar to
that of the radio ring (Section 3). Also, in the PSPC obser-
vations the emission was extended preferentially along the
bar of the galaxy. In the HRI observations we are sampling
emission from a smaller, more central region, and in contrast
to the PSPC observations there is no evidence of significant
azimuthal variation in the HRI observations.
The point source searching program PSS detected sev-
eral other point sources in close vicinity to the nucleus. In
addition to genuine point sources we may also be detecting
peaks in the more extended emission seen in the PSPC. The
fact that we definitely see extended X-ray emission from the
central regions with the HRI strongly suggests that we are
genuinely seeing diffuse emission.
2.3 ASCA Observations
Because of its wider waveband (0.5− 10.0 keV ) and higher
spectral resolution, ASCA observations of NGC1365 can po-
tentially tell us more about the origin of the X-ray emission
from the central source - in particular, whether there is a
highly absorbed power-law component, as is seen in some
other Seyfert 2 galaxies.
On account of the poor spatial resolution of ASCA (typ-
ically ∼ 3
′
), and the presence of the source in the disk of
the galaxy there is likely to be a problem of contamination
in the spectra of the central source.
Results from ASCA observations of NGC1365 have
already been reported on in some detail in Iyomoto et
al. (1997). Rather than repeat the analysis we shall quote
the main results from this paper, which can be summarised
as follows:
(i) A hard point-like source was detected at a position
coincident with the centre of NGC1365.
(ii) The continuum spectra could be fitted with a power-
law (with a photon index of ∼ 0.8) plus a Raymond-Smith
plasma model (with a kT = 0.85 keV and a metallicity of
0.2Z⊙). At energies < 2 keV the thermal component domi-
nates over the power-law.
(iii) The power-law component did not require substan-
tial excess absorption.
(iv) The 2 − 10 keV luminosity of the power-law com-
ponent was found to be 4 × 1040 erg s−1 (for an assumed
distance of 20Mpc).
(v) Also present in the spectrum was a strong, broad Fe-
K line, with a line centre energy of 6.6 keV and a width of
0.2 keV .
These results are very important for a number of dif-
ferent reasons. First, the detection of strong Fe-K emis-
sion from a galaxy is usually an indicator of an active nu-
cleus, although the luminosity of the power-law component
in NGC1365 is rather low compared to the power-law com-
ponents in other Seyfert galaxies. A second important point
is that the power-law component is not highly absorbed.
This is similar to NGC1068 (Ueno et al. 1994), but dissim-
ilar to several other Seyfert 2 galaxies, where in addition
to a thermal component a hard highly absorbed power-law
component is seen (examples include NGC1386, Iyomoto et
al. 1997; NGC4388, Iwasawa et al. 1997; NGC7582, Xue et
al. 1998).
The metallicity for the Raymond-Smith component of
the fit to the ASCA data (0.2Z⊙) is somewhat higher than
the metallicity determined from the PSPC results. However,
given the respective error-bars the results are not inconsis-
tent (see also Strickland & Stevens 1998).
We shall discuss the implications of the ASCA results
at length in Section 4.
3 RADIO OBSERVATIONS OF NGC1365
Radio continuum observations of NGC1365 using the ATCA
have been presented by Forbes & Norris (1998). Radio maps
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Left panel: The X-ray emission from NGC1365 as seen with the ROSAT HRI. The X-ray contours are from the longer HRI
observation and are superimposed on an optical image from the Digitized Sky Survey image. The X-ray image has been background
subtracted, and has been extracted with a 1
′′
pixel size and smoothed with a Gaussian of FWHM 3
′′
. The lowest contour level is at
a level of 2.2 × 10−2 cts s−1 arcmin−2 and the contours increase by a factor 2. There is strong X-ray emission from the central point
source, as well as several point sources near to the nuclear source. The BL Lac object used to register the image is not shown. The point
source to the SW of the nucleus is probably associated with an HII region visible in this image. The spatial resolution of the ROSAT
HRI is ∼ 5
′′
. Right panel: The radial profile of the central point source compared to the ROSAT HRI PSF. The central source is clearly
extended.
Table 3. The centroids of the X-ray emission from the central
source in NGC1365 as compared to the positions of the optical
and radio position of the nucleus (Alloin et al. 1981; Forbes &
Norris 1998)
Observation RA Dec
(J2000)
PSPC Obs. 1 03 33 36.5 −36 08 25
PSPC Obs. 2 03 33 36.4 −36 08 27
HRI Obs. 1 03 33 36.4 −36 08 28
HRI Obs. 2 03 33 36.4 −36 08 25
Average 03 33 36.4 −36 08 26.3
Optical Position 03 33 36.4 −36 08 25.7
Radio Position 03 33 36.35 −36 08 25.9
were obtained at 3cm and 6cm giving an effective resolution
of ∼ 1
′′
and ∼ 2
′′
respectively. Forbes & Norris (1998) ex-
amined the overall radio properties of NGC1365 along with
five other southern active galaxies. They did not discuss the
individual hotspots in any detail. In Figure 5 we show only
the 3cm radio maps of the central regions.
The radio maps reveal a weak nucleus surrounded by
a elongated ∼ 8
′′
× 20
′′
(a/b = 0.4) ring of hotspots.
Sandqvist et al. (1995) labelled the hotspots A–H, although
B is blended with A, and C is blended with D at our 1
′′
resolution. Forbes & Norris (1998) identified an additional
hotspot to the SW, called ‘J’. Components E, H and J are
marginally resolved in our 3cm map, so that typical com-
ponent sizes are ∼ 1
′′
or 100 pc at our assumed distance
of 20Mpc. Centering on the component flux peak, we have
measured positions and 2
′′
diameter fluxes. We have chosen
to subtract the background in an annulus around each com-
ponent rather than subtract a constant background as done
by Sandqvist et al. (1995). Thus we do not expect very close
agreement between our measurements (given in Table 4) and
those of Sandqvist et al. (1995). However we might expect
our 6/3 cm spectral index to be similar to their 6/2 cm index.
For the nucleus itself Sandqvist et al. (1995) find α < −0.87
for 6/2 cm, which is consistent with our value of α = −1.1
for 6/3 cm. For components A, D and F, we get comparable
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Figure 5. The 3cm ATCA radio map of the central region of NGC1365. A number of hotspots in an elongated ring structure surrounding
a weak nucleus can be seen, and are labelled as in Table 4. The position of the nucleus is marked with a cross. The beam size (∼ 1
′′
) is
shown in the lower left. The upper greyscale bar shows the intensity scale in mJy/beam.
indices. In the case of component E and G, their values (ie
α = −0.77 and −0.44 respectively) are considerably different
from ours (α = −0.4 and −0.04). Most of the components in
the ring have moderate to steep spectral indices which are
consistent with non-thermal emission. The typical hotspot
6cm luminosity is 1036 erg s−1 which, along with the steep
spectral index, suggests that the radio emission from each
hotspot is made up of several SNRs.
Sandqvist et al. (1995) have suggested that component
F represents the end of a “jet-like feature” emanating from
the nucleus. They found component F to have the steepest
spectral index, other than the nucleus. Our data indicate
that both component H and J have similarly steep indices.
An alternative explanation to the radio jet is that of a nu-
clear bar which extends out to the radio ring. Enhanced star
formation is often seen at the ends of a bar in barred galax-
ies. The nature of the nucleus in NGC1365 is difficult to
confirm with our radio data. It is unresolved in the 3cm map.
The steep spectral index indicates non-thermal synchrotron
from either an AGN or SNRs. We note that energetically a
small number of Cas A-like SNRs can account for the radio
emission.
4 DISCUSSION
The main points that can be distilled from these observa-
tions are as follows:
(i) The ROSAT PSPC observations show extended X-ray
emission from the central region of NGC1365, with the emis-
sion preferentially extended along the bar of the galaxy. The
Table 4. NGC1365 Radio Hotspots
Hotspot Position 6cm flux 3cm flux Sp. Index
(s,
′′
) (mJy) (mJy)
Nuc. 36.35, 25.9 0.46 0.24 –1.1
A 36.02, 28.3 1.25 0.97 –0.4
D 36.37, 18.6 2.11 1.47 –0.6
E 36.57, 16.0 1.01 0.80 –0.4
F 36.63, 28.0 1.06 0.63 –1.0
G 36.75, 18.3 1.60 1.56 –0.04
H 36.76, 24.1 1.00 0.58 –1.0
J 36.15, 32.8 0.65 0.37 –1.0
Notes to Table 4.
Galaxy nucleus at 03h33m36.35s, −36◦08
′
25.9
′′
(J2000).
PSPC spectra can be well fitted with a thermal model with
kT ∼ 0.6−0.8 keV and a low absorbing column, comparable
to the Galactic Stark value.
(ii) The ROSAT HRI observations show that the more
concentrated central X-ray emission is still extended, with
a radius of ∼ 15
′′
(1.5 kpc), similar in extent to the radio
ring.
(iii) The centroid of the X-ray emission is consistent with
the position of the radio/optical nucleus (see Section 4.2).
(iv) The ASCA observations suggest that, in addition to
the softer thermal emission, there is also a power-law com-
ponent which is not highly absorbed.
(v) The ASCA results also show strong Fe-K emission,
indicative of an active nucleus.
(vi) The radio observations reveal a steep spectrum but
the radio emission from the nucleus is less than that of
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the surrounding hotspots. The evidence for a radio jet is
marginal.
4.1 Broad-band properties
Having estimated the total X-ray emission from NGC1365
(i.e.Lx ∼ 6×10
40 erg s−1 in the 0.1−2.5 keV energy band)
we can compare its X-ray properties to those of other spiral,
starburst and Seyfert galaxies. Its total blue luminosity is
LB = 4.6× 10
10 L⊙ and the IRAS far-infrared flux between
40µm and 120µm, using the expression in Helou et al. (1988),
gives a luminosity of LFIR = 6.8 × 10
10 L⊙ . Assuming the
conversion of Hunter et al. (1986) this corresponds to a star
formation rate for stars with masses ≥ 0.1M⊙ of about
18M⊙ yr
−1 .
From the relationship between Lx and LFIR for star-
burst galaxies in David, Jones & Forman (1992), and us-
ing the FIR luminosity of NGC1365 we can estimate the
fraction of the X-ray luminosity that we might expect
from the starburst component. On this basis, the David
et al. (1992) relationship would predict a soft X-ray lumi-
nosity of ∼ 1041 erg s−1 , comparable to the luminosity in
the ROSAT PSPC waveband (Table 2, see also Turner et
al. 1997). We can also compare the values of Lx, LB and
LFIR for NGC1365 with those for the sample of nearby spi-
rals and starburst galaxies in Read, Ponman & Strickland
(1997). We find that NGC1365 lies roughly on the Lx : LB
correlation found by Read et al. (1997), though NGC1365
is more X-ray luminous than any galaxy in the sample of
Read et al. (1997). These facts suggest that the bulk of the
soft X-ray emission is due to starburst activity.
An interesting comparison can also be made between
the properties of NGC1365 and those of WR galaxies in the
survey of Stevens & Strickland (1998). WR galaxies are be-
lieved to be young starbursts, and we note that NGC1365
can be regarded as a WR galaxy on account of the WR fea-
ture in one of the HII regions in the central regions (region
L4). However, it is unlike many of the other WR galaxies in
the sample of Stevens & Strickland (1998), which often are
dwarf galaxies. Contini et al. (1995) included NGC1365 in
their sample of barred spiral WR galaxies - all of which seem
to have a high inclination. Contini et al. (1995) suggested
that starburst winds may play a role in removing absorb-
ing material perpendicular to the galaxy disk, making the
WR feature more likely to be observed. The X-ray spectra
from the nuclear regions of NGC1365 shows very little local
absorption, which may provide some support for this idea.
In terms of the Lx : LB relationship, NGC1365 lies rather
below the trend for WR galaxies found by Stevens & Strick-
land (1998). However, the spectrum of NGC1365 is very
similar to those of WR galaxies. The fact that NGC1365 is
also a WR galaxy strengthens the contention that the soft
X-ray emission from NGC1365 is mostly due to starburst
emission.
The relationship between radio and far-infrared lumi-
nosity extends over many orders of magnitude and includes
normal spirals, starburst galaxies and radio-quiet Seyfert
galaxies (e.g.Wunderlich, Wielebinski & Klein 1987). In the
case of NGC1365 the far-infrared to radio lies between the
typical values for normal and starburst galaxies (Helou et
al. 1985) further indicating that the bulk of the far-infrared
and radio emission is associated with star formation pro-
cesses rather than any AGN.
The Brackett γ emission has been used as a predictor of
X-ray emission from starbursts (Ward 1988). In this model
all of the predicted X-ray emission from the starburst comes
from massive X-ray binaries (MXRBs), which are formed
from the binary evolution of massive stars. The Brackett γ
emission is a consequence of recombination following ioniza-
tion by the same set of massive stars formed in the starburst.
The predicted relationship between Lx (for soft X-rays) and
LBγ is:
Lx( erg s
−1 ) = 7× 10−35
LBγLMXRB
R
(1)
where LMXRB is the mean X-ray luminosity per massive X-
ray binary (which we assume to be 1038 erg s−1 ) andR is the
number of MXRBs per O-star. We assume R = 500 (Fab-
biano et al. 1982). This relationship clearly does not take
into account X-ray emission from superbubbles or SNRs or
an AGN.
From Forbes & Ward (1993) we calculate that the
Brackett γ luminosity in the central 6
′′
is LBγ = 1.44 ×
1039 erg s−1 , which in turn implies a total number of O-
stars of around 105, and an Lx = 2 × 10
40 erg s−1 . This is
only a factor of 3 or so below our preferred thermal model
estimate for Lx of the whole galaxy, suggesting that the
contribution of an AGN to the low energy X-ray emission
from NGC1365 may be small. The main caveat here is that
MXRBs in our own Galaxy have much harder spectra (typ-
ically a powerlaw with a high energy cut-off - Nagase 1989)
than that observed from NGC1365. It is possible that the
power-law in the ASCA observations could be a consequence
of these MXRBs. However, the line emission could not be
generated by a population of MXRBs.
4.2 The Location of the X-ray Nucleus
As noted earlier we can use the optical position of the BL Lac
object 1E 0331.3-3629 to register the X-ray images, which
in turns enables us to determine the centroids of the X-ray
emission from the central regions of NGC1365.
In Table 3 we list the positions of the centroids of the
X-ray central source as determined by the PSS program, for
all the ROSAT observations. There is some scatter between
the X-ray determined positions, but this is ≤ 2
′′
, indicat-
ing good consistency between the results for the different
ROSAT observations. The positions of the radio and optical
nucleus are also listed in Table 3.
The mean centroid of the X-ray emission is consistent
with the position of the optical/radio nucleus. This might
suggest that we are seeing emission from a massive compact
object in the nucleus. There are several arguments against
this; first, the HRI observations (Fig. 4) show that the cen-
tral X-ray emission is extended and not point-like, with an
extent comparable to the radio ring (and the X-ray emission
is also centred on the radio ring). Second, the X-ray spectral
properties as seen with ROSAT, are consistent with thermal
radiation, but not with power-law emission expected from a
compact object, although as the ASCA results of Iyomoto
et al. (1997) show there is emission at higher energies from
an active nucleus. Also, a peak in the X-ray emission peaks
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coincident with the position of the optical/radio nucleus is
seen in other nuclear starbursts (c.f. Ptak et al. 1998).
Consequently, the X-ray emission is centred on the nu-
cleus of the galaxy. This does not mean that the X-ray emis-
sion is dominated by a central point source, as the ROSAT
observations suggest that at soft X-ray energies the emission
is dominated by a nuclear starburst. While there appears to
be emission associated with an active nucleus at higher ener-
gies its contribution at soft X-ray energies is small compared
to the hot thermal emission. AXAF, with its ∼ 0.5
′′
spatial
resolution, will provide a much clearer view of the complex
morphology in the heart of NGC1365.
4.3 Origin of the Radio Emission
The spectral indices of the radio hotspots imply a non-
thermal origin. The spatial morphology - a ring around the
nucleus - tells us that a compact object is not responsible
for the vast majority of the radio emission. Supernovae or
SNRs are the obvious candidates for the hotspot emission
with synchrotron emission from shock accelerated electrons
the most likely emission mechanism.
If the typical radio luminosity of a SNR is L6cm ∼
1033 erg s−1 and in the central 6
′′
of NGC1365 we have
L6cm = 2.3 × 10
37 erg s−1, this would imply 23,000 SNRs.
However, the emission from young radio supernovae can be
much more luminous than this (i.e. SN1988Z; van Dyk et
al. 1993), and these ‘radio supernovae’ could be responsi-
ble for much of the emission from one or other of the radio
hotspots. Further to this, some ‘radio supernovae’ have also
been detected as bright X-ray sources (for instance, Fabian
& Terlevich (1996) found that SN1988Z has an X-ray lu-
minosity in the ROSAT waveband of Lx ∼ 10
41 erg s−1 ,
brighter or comparable in luminosity to many starburst
galaxies). Indeed we can correlate the positions of the HII
regions near the centre of NGC1365 (Alloin et al. 1981) with
the radio hotspots. The HII region L3 and radio hotspot A
seem to be connected, as do L12 and hotspot E. Kristen et
al. (1997), reporting on HST observations of NGC1365, find
a positional coincidence between a super star cluster and
radio hotspot A. On this basis, and the probable strong Hα
emission from this cluster, suggest that the radio emission
from hotspot A is due to a radio supernova.
It is instructive to compare Lx/L6cm ratios for different
objects. Sgr A∗, the black hole at the centre of our Galaxy,
has a soft X-ray luminosity of Lx ∼ 10
34 erg s−1 (Predehl &
Tru¨mper 1994) and a 6cm luminosity of L6cm ∼ 10
33 erg s−1
(Marcaide et al. 1992) for an assumed distance of 8.5 kpc. So
the Lx/L6cm ratio is 10. Cas A, the brightest SNR in our
Galaxy, has an Lx/L6cm ratio of ∼ 75. For radio supernovae
the ratio can be higher still (Lx/L6cm ∼ several hundred)
for SN1988Z and SN1978K.
Because of the complex extended nature of the emission,
and the limitations of the X-ray instruments it is a difficult
to accurately estimate the X-ray flux from within 6
′′
. We
estimate a value of ∼ 1 − 2 × 1040 erg s−1 . For NGC1365
we have L6cm = 2.3× 10
37 erg s−1 , which implies a ratio of
Lx/L6cm ∼ 400 − 1000 within a radius of 6
′′
. This value is
rather large and could suggest that an AGN is not the dom-
inant energetic factor in the central regions of NGC1365,
and is more in line with that seen for radio supernovae. Of
relevance is the fact that the Lx/L6cm ratio for NGC1068
is also in the range 500 − 1000 (see Condon et al. 1982 for
larger aperture radio observations of NGC1068). For both
NGC1365 and NGC1068 the emission from the nucleus (as
identified at higher resolution) is much less than the emis-
sion from within a radio of 6
′′
(see Table 4 and Muxlow
et al. 1996). We also note that large values of Lx/L6cm are
possible in radio quiet QSOs (c.f.Mas-Hesse et al. 1995).
4.4 Origin of the Extended X-ray emission
There are perhaps three main possible explanations for the
extended X-ray emission seen in NGC1365; first, scatter-
ing of nuclear radiation by photoionized material, second,
a large number of unresolved point sources, and third, gen-
uinely extended X-ray emission from a hot plasma.
4.4.1 Scattering of Nuclear Emission
Extended X-ray emission has also been found in the Seyfert 2
galaxy NGC4388 by Matt et al. (1994), using results from
the ROSAT HRI. Results from PSPC observations of
NGC4388 have been reported on in Antonelli, Matt & Piro
(1997). These authors discussed the possibility that a lu-
minous nuclear source (i.e. a supermassive black-hole) pho-
toionizes a large region around it, but is obscured from direct
view by a dense torus. Radiation escaping perpendicular to
the torus is scattered into the line-of-sight by electrons from
the photoionized plasma. Matt et al. (1994) discounted this
idea largely on the basis of the observed spectral properties
of NGC4388.
In NGC1365, the ASCA observations suggest the pres-
ence of a scattered component, which might well be asso-
ciated with a luminous nucleus obscured from direct view.
This scattered power-law component cannot be responsible
for the bulk of the soft emission seen in the ROSAT wave-
band for the following reasons. First, the X-ray emission as
seen by the ROSAT PSPC is very extended (8 kpc), which
would imply an extremely luminous ionizing source, and sec-
ond, and perhaps most telling, is that the observed thermal
spectrum, is too soft to result from the scattering of a AGN
continuum.
4.4.2 Unresolved Point Sources
Populations of stellar sources distributed throughout the bar
of NGC1365 could mimic the extended nature of the emis-
sion by such an ensemble. These objects could be X-ray bi-
naries (both high and low mass), normal stars (again both
high or low mass) or supernova remnants.
Both high mass and low mass X-ray binaries have
harder spectra than the ∼ 0.7 keV thermal spectrum ob-
served in NGC1365. The X-ray luminosity of NGC1365 is
rather high for a typical spiral (but not excessively so). A
model whereby a reasonably large number of MXRBs were
emitting could be plausible. We note that MXRBs are de-
scendants of high mass stars and will be formed in starburst
events, and so this model is not completely distinct from
models associated with starbursts.
As noted in Section 4.1, the Brackett γ emission can be
used to estimate the number of O-stars and X-ray binaries.
For NGC1365 the number of X-ray binaries is of order 200.
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If these 200 binaries were uniformly distributed in a disk of
radius 8 kpc then the mean separation would be significantly
below that of the ROSAT PSPC but comparable to that of
the HRI. We see from both PSPC and HRI observations
that the emission from the extended component is clearly
concentrated towards the central region. Consequently such
a model with ∼ 200 luminous MXRBs distributed through
the bar of the galaxy could account for the spatial proper-
ties seen in NGC1365. As we have noted before the X-ray
spectral properties would suggest that MXRBs were not the
dominant source of emission.
An origin associated with early-type stars can be
quickly dismissed - these typically have Lx/Lbol ∼ 10
−7,
implying too low a level of X-ray emission. While magneti-
cally active low-mass stars can have higher Lx/Lbol, such a
large population of young active stars would be implausible.
Individual SNR can have X-ray luminosities of Lx ∼
1034 − 1036 erg s−1 , and X-ray temperatures of the right
magnitude (Schlegel 1995). Young (≤ 20 yr) ‘radio su-
pernovae’ can have X-ray luminosities higher luminosities
(1039 erg s−1 or more), but these luminosities are short
lived. A situation where we have a large number of SNR
(105 −106) could give rise to observed the X-ray luminosity.
However, for any reasonable estimate of time-scale for sub-
stantial X-ray emission to persist from an individual SNRs
(a few 103 years) this would imply a very high SN rate, at
odds with observations at other wavelengths. The SN rate
in the central 6
′′
, as inferred from the radio observations, is
0.02 SN/yr, and 0.03 SN/yr, as inferred from [FeII] emission
(Forbes & Norris 1998).
We can probably rule out a SNR origin for all of the X-
ray emission by reference to the radio observations, which
imply a much smaller number of SNRs. However, as we shall
discuss below, a starburst origin of the X-ray emission would
still imply a contribution from supernovae, but in this case
the hot gas from a starburst will have been built up over a
long period of time.
We note that there have been two historical supernova
in NGC1365; SN1957C, to the N of the nucleus and the
type Ic SN1983V, about 1 arcmin to the SW of the nucleus
(Clocchiatti et al. 1997). Neither SN are coincident with any
X-ray or radio source.
4.4.3 Extended hot gas
The most plausible physical origin for extended hot gas in
the disk of NGC1365 is from a starburst. Here a burst of
star-formation results in the production of large numbers of
massive OB stars, which via their stellar winds and subse-
quent supernova inflate X-ray emitting superbubbles, which
will eventually merge and blow-out to form a superwind,
such as seen in M82 (Strickland, Ponman & Stevens 1997,
Moran & Lehnert 1997).
The simple analysis concerning the Brackett γ emission
suggests the presence of around 105 O9 stars (or their equiv-
alent). The mass-loss rate of such a star is ∼ 10−6 M⊙ yr
−1
and the wind kinetic energy is of order 1036 erg s−1 , so the
total kinetic energy from such a cluster of stars (assuming
they are all concentrated towards the centre of the galaxy)
will be 1041 erg s−1 . As only a fraction of the kinetic energy
of the stellar winds can be converted into X-ray emission
such an assembly of stars would not, by themselves, be able
to power the X-ray emission from NGC1365. However, this
analysis does not account for the contribution from SNRs
and X-ray binaries, and the hot stars could make a signif-
icant contribution to the X-ray emission via their stellar
winds.
4.5 Comparison with other Seyfert 2 galaxies
In order to understand the radio/X-ray properties of
NGC1365 we now briefly discuss similar observations of re-
lated galaxies.
Turner et al. (1993), in addition to presenting results
on NGC1365, also presented ROSAT PSPC results on sev-
eral Seyfert 2 galaxies. Of note is that it was not possible
to obtain a good fit with a power-law model for NGC1365,
while much better fits were obtained for the other galaxies
in the sample. Also, the other galaxies were typically an or-
der of magnitude more X-ray luminous than NGC1365, and
were much more overluminous compared to their blue lumi-
nosity. This would suggest that NGC1365 is not a typical
Seyfert 2, but as we shall see in the discussion below, there
are some striking similarities between the X-ray properties of
NGC1365 and some other galaxies classified as Seyfert 2’s.
Awaki (1997) reviews the X-ray properties of Seyfert 2s,
finding an extremely wide range of luminosities, with some
galaxies having luminosities of 5×1043 erg s−1 , while others
have Lx ∼ 10
41 erg s−1 . The radio emission from Seyfert 2s
may cover an even larger range of 4− 5 orders of magnitude
(see for example Simpson et al. 1996).
Wilson et al. (1992) have reported on ROSAT HRI
observations of the canonical Seyfert 2 galaxy NGC1068.
These observations revealed a compact nuclear source, cir-
cumnuclear emission (with a diameter of 1.5 kpc) and much
more extended emission (diameter 13 kpc) associated with
the starburst disk. Wilson et al. (1992) concluded that the
nuclear and circumnuclear X-ray emission were from ther-
mal gas associated with an outflowing wind.
Higher spectral resolution X-ray observations of
NGC1068 with both BBXRT and ASCA (Marshall et
al. 1993; Ueno et al. 1994) found strong line emission from a
range of different species, including strong Fe-K emission.
In addition, the X-ray continuum could be fitted with a
model with two soft thermal components (with one compo-
nent with kT < 0.2 keV and a 2nd component with kT ∼
0.4 − 0.7 keV ) and a power-law component, with a photon
index of ∼ 1.3. Importantly, the power-law component does
not appear to be highly absorbed. According to Marshall et
al. (1993) the 2-10 keV luminosity of NGC1068 (dominated
by the power-law component) is ∼ 2×1041 erg s−1 , approx-
imately an order of magnitude brighter than the powerlaw
component for NGC1365 (Iyomoto et al. 1997).
Marshall et al. (1993) and Ueno et al. (1994) developed
a model for NGC1068 whereby the X-ray emission is due to
both starburst emission and scattered emission from a much
more luminous (possibly 1043 erg s−1 ) active nucleus. In this
picture we see no direct X-ray emission from the active nu-
cleus (it being obscured by material with an extremely high
column), only emission scattered into the line of sight by
both warm and hot absorbing material.
It is worth noting that at radio wavelengths the nu-
cleus of NGC1068 is much brighter than NGC1365 (Muxlow
et al. 1996). The source that Muxlow et al. (1996) identify
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with the nucleus of NGC1068 in addition to having an in-
verted spectrum, is well over an order of magnitude brighter
than the source identified with the nucleus in NGC1365.
With larger apertures NGC1068 is still much brighter at
radio wavelengths than NGC1365 (c.f. Section 4.3; Condon
et al. 1982). On spatial scales of several arcseconds the ra-
dio emission is dominated by starburst/SNR emission, with
only a small contribution from the nucleus.
Matt et al. (1994) have reported on ROSAT HRI obser-
vations of NGC4388, a highly inclined spiral galaxy (SB(s)b
pec) near the core of the Virgo cluster, finding extended
emission with a radius of 4.5 kpc. Matt et al. (1994) did not
find any evidence of a central source, constraining the emis-
sion from such a point source to less than 20% of the total.
NGC4388 also shows weak broad Hα emission in ex-
tended off nuclear regions (Shields & Filippenko 1988),
which has been interpreted as being due to scattered light
from an obscured nucleus (as per the standard unified model
of Seyfert 2 nuclei). NGC4388 also has two extended and
asymmetric ionization cones. Iwasawa et al. (1997) have also
studied the X-ray properties of NGC4388 including ASCA
observations. The ASCA observations reveal the presence of
a strong and highly absorbed (NH = 4× 10
23 cm−2 ) power-
law component coming from the nucleus, along with narrow
Fe line emission at 6.4 keV (though this emission line has a
large equivalent width (EW∼ 500eV - Iwasawa et al. 1997).
Brandt, Halpern & Iwasawa (1996) have reported on
ROSAT PSPC and HRI observations of the composite star-
burst/Seyfert 2 NGC1672 (SB(s)b). Of three X-ray sources
associated with NGC1672, the nuclear source (X-1) has an
unabsorbed luminosity of Lx ∼ 10
40 erg s−1 in the ROSAT
waveband, kT = 0.7 keV and a low absorbing column
(NH = 1.6×10
20 cm−2 ). The X-ray luminosity of NGC1672
is somewhat lower than for NGC1365, but otherwise the X-
ray properties are remarkably comparable. NGC1672 also
shows a compact radio source located at the optical nu-
cleus, with an almost circular ring of emission, as seen in
NGC1365 (Sandqvist et al. 1995). Consequently, NGC1672
may indeed be very similar to NGC1365, and the Seyfert
nucleus may also not play a dominant role in this galaxy.
4.6 Is there a Seyfert Nucleus in NGC1365 ?
As noted in the introduction, NGC1365 has been classified
as a galaxy with a Seyfert nucleus on the basis of both broad
and narrow Hα emission. On the basis of the ROSAT data
there is no real evidence at soft X-ray energies of a Seyfert
type nucleus in NGC1365. However, the ASCA data does
suggest the presence of an active nucleus. We suggest that
the active nucleus in NGC1365 is a low-luminosity analogue
of that in NGC1068, with a luminosity of 5-10% of that in
NGC1068. So that, while in NGC1068 it has been suggested
that the AGN perhaps provides approximately 50% of the
bolometric luminosity (Telesco et al. 1984). We suggest that
in NGC1365 the fraction provided by the AGN will be cor-
respondingly smaller.
There is also evidence of something resembling an ac-
tive nucleus at radio wavelengths, but whether it is strong
enough to warrant NGC1365 being classified as a Seyfert nu-
cleus is questionable. At optical wavelengths, there is some
evidence of AGN related activity - with an outflow cone seen
in [OIII] λ5007, though an outflow like this could be gener-
ated by starburst activity. As to the broad Hα emission -
could the radio supernova associated with radio hotspot A
be responsible for this?
Recently, when discussing massive black holes in galax-
ies it has been become popular to suggest that many black
holes are not accreting at the Eddington rate but rather the
much reduced rate associated with an advection dominated
accretion flow (ADAF; Narayan 1996). We consider the pres-
ence of an ADAF in NGC1365 to be unlikely, on the basis
of both the radio and X-ray spectra. Such ADAFs predict a
slightly positive spectral index at radio wavelengths. We find
that the 6/3 cm index is quite steep at −1.1, and we do not
see much evidence for a very hot bremsstrahlung spectrum
from the nucleus (though this component could possibly be
mistaken for the observed power-law component), though
its absence would have to be confirmed by AXAF. An un-
obscured ADAF would also not produce strong Fe-K line
emission (Narayan 1996).
NGC1365 is a highly inclined system, with i ∼ 60◦,
so that, in a more speculative vein, we could be looking
down onto a superwind, such as seen in M82. Neither the
X-ray temperature nor luminosity are unreasonable for such
a model, and this idea merits further investigation. As men-
tioned earlier, an outflow cone has been observed in this
galaxy, though it was thought to be related more to AGN
activity.
In summary, we have presented radio and X-ray ob-
servations of the prominent barred spiral NGC1365. On
the basis of soft X-ray and radio observations we find lit-
tle if any evidence of an AGN, but much more evidence
for strong star-forming activity. However, strong Fe-K emis-
sion does suggest an active nucleus. Comparison with other
Seyfert galaxies, such as NGC1068, suggest that any AGN
in NGC1365 is not energetically dominant at most wave-
lengths. Consequently, we suggest that the active nucleus
in NGC1365 is a low luminosity analogue of the nucleus in
NGC1068. Even in the nucleus of NGC1365, AGN activity
is accompanied by very significant starburst emission, and
outside of the nuclear region starburst activity completely
dominates.
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